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ABSTRACT
We show that it is possible to construct models in which the width of the Higgs boson
is arbitrary - either smaller or larger than a standard model Higgs boson of the same mass.
There are no new fields into which the Higgs boson decays. Instead, the coupling of the
Higgs boson to the gauge bosons is adjusted. We construct and analyze weakly–coupled
models with arbitrary–width Higgs bosons to investigate the phenomenology one might
find in a strongly interacting model. In any such model new physics must enter at a mass
scale which decreases as the Higgs boson width is adjusted away from its standard model
value. In particular, if the Higgs boson is wider than the standard model Higgs boson,
then interesting new physics must appear in the isospin–two channel.
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1. Introduction
In the standard model there exists a scalar particle with custodial isospin zero: the
Higgs boson. There is a definite relationship between the Higgs boson’s mass and its width
to decay into gauge boson pairs. Suppose a custodial–isospin–zero scalar is discovered, but
with a width which does not satisfy the standard model relationship. Though the particle
content of the world appears to be the same as in the standard model, our hint that the
standard model is not the whole story comes only from the unusual size of the coupling of
the Higgs boson to other particles. The scalar particle with isospin zero in such a model
has been termed a non-standard Higgs boson [1].
In this paper we construct models in which the Higgs boson is narrower or wider
than a standard model Higgs boson of the same mass. We show that any theory with
a non-standard Higgs particle must contain new physics at a mass scale which decreases
as the couplings of the Higgs boson deviate from those of the standard model. We show
that if the Higgs boson is wider than the standard model Higgs boson, and the model is
perturbatively unitary, then the model must contain isospin–two resonances.
The models we discuss are only meant to be toy examples which contain a non-
standard Higgs boson. Such a Higgs particle could, for example, appear in a model with a
strongly interacting symmetry breaking sector. This strongly interacting symmetry break-
ing sector, however, would have to be unlike conventional technicolor [2] which, in analogy
to QCD, would be expected to contain only heavy and broad isospin–zero particles, i.e.
particles having masses roughly the same as those of other technicolor resonances and
widths comparable to their masses. The Higgs boson we consider in this paper is assumed
to be light by comparison to any other resonances in the theory.
The plan of this paper is as follows. In the next section, we define notation and
construct sample models that include Higgs bosons of arbitrary widths. In the third section
we show that, if the Higgs width is larger than in the standard model then perturbative
unitarity implies the existence of isospin–two resonances. In the fourth section we use the
renormalization group and the triviality of theories with fundamental scalars to set an
upper limit on the mass of the isospin–two multiplet in a model of fundamental scalars.
This limit is substantially smaller than that given by the arguments of section three. In the
fifth section we briefly discuss the radiative corrections to electroweak parameters in models
with Higgs particles of non-standard widths. The last section states our conclusions.
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2. How to Vary the Higgs Boson Width
At sufficiently high energy the scattering of the longitudinally polarized W and Z
bosons is approximately the same as that of the absorbed Goldstone bosons that would
be present in the absence of the gauging of the electroweak symmetry. This statement
is known as the “equivalence theorem” [3]. Such Goldstone bosons can conveniently be
described in the language of chiral Lagrangians [4]. In our case, the Lagrangian contains
the three “eaten” Goldstone bosons and a light isoscalar Higgs boson [1]:
L = 1
4
(
v2 + 2ξvH + ξ′H2 + . . .
)
(tr ∂µΣ†∂µΣ) + . . .+ LH , (2.1)
where ξ and ξ′ are dimensionless coefficients, v = 246 GeV, and Σ contains the swallowed
Goldstone bosons wa
Σ = exp
(
2iτawa
v
)
. (2.2)
Here τa are the generators of SU(2), normalized to tr τaτ b = δab/2. The first ellipsis
indicates more terms coupling the Higgs boson to the Goldstone boson, (e.g. H3, (∂H)2,
etc), and the second ellipsis indicates terms with more derivatives of the Goldstone bosons.
These higher order terms are generically suppressed by some large scale, denoted Λχ. We
will assume nothing about Λχ except that it is large compared to the Higgs boson mass.
In (2.1) LH denotes the self-interaction Lagrangian for the Higgs boson
LH = 1
2
(∂H)2 − m
2
H
2
H2 − λ3v
3!
H3 − λ4
4!
H4 − . . . . (2.3)
The standard model corresponds to the choice
ξ = ξ′ = 1 , λ3 = λ4 =
3m2H
v2
, (2.4)
with all higher order terms zero.
Using the lagrangian above, we may compute the width of the Higgs boson into WW
and ZZ. At tree-level, for Higgs bosons with mass much greater than twice the Z mass,
the width of the Higgs boson is
ΓH = ξ
2 3m
3
H
32piv2
. (2.5)
Including the decay to quarks makes the Higgs boson only slightly broader, even for a rela-
tively heavy top quark. In the standard model where ξ = 1, there is a definite relationship
between the Higgs boson’s mass and its width. A measurement of the Higgs boson’s width
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is a measurement of ξ. (The measurement of the parameters ξ′, λ3, and λ4 is far more
difficult than that of ξ. The Higgs boson’s width is directly accessible to experiment; its
self coupling is not [1].)
We will now see how the value of ξ can be made different from 1, by considering
models with fundamental scalars.
It is easy to see how one can make ξ < 1. The strength of the coupling of the Higgs
boson to theW and Z is dictated by the need to give the gauge bosons their observed mass.
To reduce the coupling of the Higgs boson to the gauge bosons, one divides the vacuum
expectation value among several fields. The field corresponding to a mass eigenstate Higgs
boson does not get the full vacuum expectation value, v, and so it does not have the usual
coupling to the gauge bosons. As an example, consider the two–Higgs–doublet model 1.
The Lagrangian of the symmetry breaking sector is
L = (Dµφ1)†(Dµφ1) + (Dµφ2)†(Dµφ2)− V (φ1, φ2) , (2.6)
where V (φ1, φ2) is a quartic potential. The covariant derivative is
Dµφi =
(
∂µ + igWµ · τ − ig
′
2
Bµ
)
φi . (2.7)
If we put
φi =
(
Hi+vi+iφ
0
i√
2
iφ−i
)
(2.8)
then the masses of the gauge bosons are, at tree level,
M2W =
g2
4
(v21 + v
2
2) M
2
Z =
g2 + g′2
4
(v21 + v
2
2) , (2.9)
so we conclude that v21 + v
2
2 = v
2. It is customary to define β such that v1 = v cosβ and
v2 = v sinβ. The spectrum of this model includes two Higgs bosons, a pair of charged
pseudoscalars, and one neutral pseudoscalar. The mass–eigenstate Higgs bosons are a
mixture of the fields H1 and H2. We write the lighter Higgs boson as
H = − sinαH1 + cosαH2 . (2.10)
The couplings of these particles to the gauge bosons may be worked out from (2.6). Let us
imagine that the lighter of these two Higgs bosons is observed, but the heavier one eludes
1 For a review of Higgs boson properties in weakly-coupled theories, see [5].
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experiment. The coefficient of the HW aµW aµ term in the Lagrangian is (1/4)g
2(−v1 sinα+
v2 cosα). The quantity ξ is the ratio of this coupling to its value in the standard model,
so
ξ = sin(β − α) , ξ′ = 1 . (2.11)
Therefore, ξ2 < 1. This result is easily generalized to any number of doublets.
To get a Higgs boson with ξ > 1 requires representations other than doublets. On the
other hand, we do not want to spoil the successful tree level prediction of the ratio of the
W and Z masses:
ρ ≡ (g
2 + g′2)M2W
g2M2Z
= 1 . (2.12)
We are led to consider only models that have a “custodial” symmetry [6] [2]. This implies
that the symmetry breaking sector must have a SU(2)L × SU(2)R × U(1)V symmetry2,
with the hypercharge embedded in SU(2)R × U(1)V .
Consider an N ×N complex matrix field χN that transforms under SU(2)L×SU(2)R
as
χN → LχNR† , (2.13)
where the L and R are SU(2)L and SU(2)R group elements in the spin–(N − 1)/2 repre-
sentation. To reduce the number of fields in the model, we impose the reality condition
V χNV
† = χ∗N , (2.14)
where V is the N ×N matrix connecting the spin–(N −1)/2 representation to its complex
conjugate. (For odd N , the representation is real, so V can be chosen to be the identity.)
We choose hypercharge to be generated by T3 of SU(2)R, and thus
DµχN = ∂
µχN + igW
µ · TχN − ig′χNBµT3 , (2.15)
where T a are the generators of SU(2) in the spin–(N − 1)/2 representation. (This is a
generalization of the models considered in [7].) The kinetic energy term in the Lagrangian
is
LKE = 1
2
tr ((DχN )
†(DχN )) . (2.16)
2 Actually, the lagrangian (2.1) written above imposed such a symmetry too. With only the
SU(2)W × U(1)Y symmetry terms such as tr ∂
µΣ†∂µΣT3 are not forbidden.
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In order to preserve the relation (2.12), we assume that the potential for this field gives it
a vev proportional to the identity. There is one isosinglet field H in χN and we put
χN =
H + vN√
N
I + . . . . (2.17)
Now the interactions among the gauge and Higgs boson are of the form
LKE = 1
2
v2N
N
(
1 +
H
vN
)2
(tr (TaTb)g
2WaWb + tr (T
2
3 )(2gg
′W3B + g′2B2)) + . . . . (2.18)
The W and Z get masses in the correct ratio. Using tr (TaTb) = N(N
2 − 1)/12, we find
M2W = g
2N
2 − 1
12
v2N . (2.19)
From (2.18) we conclude
ξ =
v
vN
=
√
N2 − 1
3
. (2.20)
Thus we see that the value of ξ can be made as large as we like.
To conclude this section we point out that it is possible to get values of ξ other than
those of (2.20) by mixing Higgs bosons from different representations. If two Higgs bosons
with respective couplings to W pairs parameterized by ξ1 and ξ2 mix by an angle α, then
the value of ξ for the lighter of the two Higgs bosons is ξ = −ξ1 sinα+ ξ2 cosα.
3. Unitarity of Goldstone Boson Scattering
Let us suppose that an experiment has seen a Higgs boson with width parameterized
by ξ. At what scale need new physics enter, and what form can it take?
The most general form of the scattering amplitude of the Goldstone bosons wa con-
sistent with crossing, Bose symmetry, and custodial isospin invariance is
a(wawb → wcwd) = A(s, t, u)δabδcd +A(t, s, u)δacδbd + A(u, s, t)δadδbc , (3.1)
where A is a function of the three Mandelstam variables symmetric in its last two argu-
ments. The Lagrangian (2.1) contains two Feynman diagrams that contribute to A at
lowest order in Λχ: one contact diagram and one in which the Higgs boson is exchanged
in the s-channel. Their sum is
A(s, t, u) =
s
v2
(
1− sξ
2
s−m2H
)
. (3.2)
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In the standard model in which ξ = 1, there is at high energies a cancellation between
the first and second terms. The growth with s of the amplitude is truncated by the
appearance of the Higgs boson. An argument of Lee, Quigg, and Thacker [8] shows that if
the standard model is to be unitary at tree–level at high energies, i.e. if the absolute value
of all scattering amplitudes of all partial waves is to remain less than 1, then the mass of
the Higgs boson must be less than about 1 TeV.
If ξ 6= 1, the absolute value of the amplitude continues to grow with s even above the
Higgs boson mass. If we assume, following Lee, Quigg, and Thacker, that the amplitude is
to be unitarized by the exchange of spin–zero resonances, then we see that there are two
possibilities: resonances of isospin zero or two. No other scalars can couple to a pair of
Goldstone bosons.
The contribution of another isospin–zero scalar is like that of the lightest Higgs boson,
so it makes a negative contribution to the amplitude at high energies. If all the resonances
are isospin zero the requirement that the amplitude stop growing at large s implies [9]
∑
i
ξ2i = 1 , (3.3)
where ξi is defined for each resonance. Clearly, if the model contains a Higgs boson with
ξ > 1, there must be something other than isosinglets to unitarize the amplitude.
An isospin–two multiplet, by contrast, is exchanged in the s, t, and u channels. If the
multiplet is represented by a symmetric traceless matrix Sab, it may be included into the
chiral Lagrangian by adding
LS = 1
4
(∂µSab)(∂µS
ab) +
C
v
Sab∂µpia∂µpib + . . . , (3.4)
where C is a dimensionless coupling constant. This field makes the contribution
C2
v2
[
2
3
s2
s−m22
−
(
t2
t−m22
+
u2
u−m22
)]
, (3.5)
to A(s, t, u), where m2 is the mass of the isospin–two representation. Note that at high
energies, where s, t, and u are much greater than m22, the net contribution of the isospin–
two multiplet to A is
5C2s
3v2
, (3.6)
a positive quantity.
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If, as before, we insist that the amplitude stops growing at high energies, there will
be a sum rule connecting the couplings of the isosinglet Higgs bosons to those of the
isospin–two multiplets3 ∑
i
ξ2i = 1 +
5
3
∑
j
C2j . (3.7)
Here i runs over the Higgs bosons and j runs over the isospin–two multiplets. Therefore,
if a model has a Higgs boson with ξ > 1 and is unitarized by the exchange of a spin–zero
resonance, it must contain at least one isospin–two representation.
Consider the example given in the last section, in which the symmetry breaking sector
was an N × N matrix of fundamental scalars. After the symmetry breaks, the mass
eigenstates fall into degenerate multiplets of custodial isospin — one multiplet each of
custodial isospin from N−1 down to zero. The three isospin–one particles are the absorbed
degrees of freedom, but the remaining particles are physical. For N > 2 there is an isospin-
two multiplet and C can be computed explicitly,
C2 =
(N2 − 4)
5
. (3.8)
With the parameter ξ is given in (2.20), the sum rule (3.7) is satisfied.
The Lee, Quigg, and Thacker argument gives an upper limit on the mass–scale of new
physics, M . For m2H ≪ s≪M2, the amplitude is growing in magnitude
A(s, t, u) ∼ (1− ξ2) s
v2
. (3.9)
Since the isospin–zero, spin–zero amplitude
a00(s) = (1− ξ2) s
16piv2
(3.10)
must be bounded in magnitude by one, we conclude that
M2 ≤ 16piv
2
|ξ2 − 1| =
(1750 GeV)2
|ξ2 − 1| . (3.11)
In the N ×N matrix models, where ξ > 1, eqn. (3.11) bounds the mass of the isospin–two
resonance. In a two-doublet Higgs model, the eqn. (3.11) gives a bound on the mass of
the heavier Higgs boson.
3 This is a special case of the sum rules derived in [10].
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The argument of this section shows that as the parameter ξ is changed away from its
standard model value, the scale of new physics is reduced. Even in a strongly interacting
model, which will not in general be unitarized by perturbative physics (and so the sum
rule (3.7) might not be valid, or the isospin–two particles might even be absent), this
qualitative feature of (3.11) should continue to hold. There is a maximum scale at which
some new physics must enter, and that scale is reduced as the non-standard Higgs boson
looks less like the standard model Higgs boson.
4. Renormalization Group Analysis
For the scalar model with N = 3, one finds ξ2 = 8/3 and the Lee, Quigg, and
Thacker bound (3.11) on m2 is approximately 1400 GeV. In this section we will use the
renormalization group and the triviality of theories with fundamental scalars to set an
upper limit on the mass of the isospin–two multiplet in this model that is substantially
smaller.
Suppose one Higgs boson with ξ2 = 8/3 and isospin–two scalars with C2 = 1 are
discovered. If there is a large hierarchy between the masses of these particles and the
masses of other new physics (such as compositeness effects in the scalars), the model must
be approximately renormalizable. This world therefore appears to be described by the
model with χ3, the 3 × 3 matrix [7]. On the other hand, any model with fundamental
scalars is trivial, and thus despite its renormalizability the model does not make sense
above a certain energy scale. We must set the scale of new physics below that point. We
may compute the β–function of this model and integrate to find the Landau pole. For the
isospin–two bosons to be approximately fundamental, we must insist that their mass be
smaller than some factor times the mass of the Landau pole.4
The potential for the 3× 3 model is
V (χ) = g1(tr χ
t
3χ3 − v23)2 + g2[3tr χt3χ3χt3χ3 − (tr χt3χ3)2] (4.1)
4 This is analogous to the Dashen–Neuberger bound for the standard model [11]. A recent
review of lattice simulations and analytic studies of the Higgs sector of the standard model [12]
reports that mH must be less than about 700 GeV.
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The minimum of this potential is at v3I if and only if the dimensionless constants g1 and
g2 are positive. It is the N = 3 case of a model with an O(N)L × O(N)R symmetry, the
β-functions for which are [13]
2pi2µ
∂
∂µ
g1 =(N
2 + 8)g21 + (2N
2 + 2N − 4)g1g2 + 2(N2 + 2N − 4)g22
2pi2µ
∂
∂µ
g2 =12g1g2 + 2(N
2 + 2N − 6)g22 .
(4.2)
This potential gives mass to the Higgs boson and the isospin–two particles. The masses at
tree level are
m2H = 8g1v
2
3 , m
2
2 = 8g2v
2
3 . (4.3)
We now integrate the β–functions to find the Landau pole. We define t = log(µP /µ),
where µP is the value of µ at the Landau pole. The form of the differential equations is
such that both g1 and g2 have a pole at the same value of µ. The pole in g1 goes like 1/t,
while the pole in g2 goes like
g2 ∼
(
1
t
) 12
(N2+8)
(4.4)
With this information we define the variables
x1 =
1
g1
, x2 =
(
1
g2
) (N2+8)
12
(4.5)
and integrate the equations for them.
In fig. 1 we show the set of points in g1, g2 space with t = 1. This is the set of coupling
constants g1(µ), g2(µ), such that the Landau pole is at a mass of eµ (where e the base of
the natural logarithm). The equations (4.2) are such that if one performs a transformation
g1 → Kg1 , g2 → Kg2 , t→ t
K
(4.6)
for any positive K, then the result is still a solution. Thus, if we know where the t = 1
contour is in g1, g2 space, we know where all the other contours are.
In fig. 1 the value of g2 is never bigger than about .75. Since the mass of the isospin–
two multiplet is
m22 = 8g2(m
2
2)v
2
3 = 3g2(m
2
2)v
2 , (4.7)
we deduce that the model does not make sense if m2 is more than about 375 GeV! This
upper limit applies at the small g1 end of the contour, where the Higgs boson is light. As
the Higgs boson gets heavier, the limit decreases.
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In fundamental scalar theories withN larger than 3 or with scalars in other representa-
tions, these limits only get stronger: the extra fields give additional positive contributions
to the β-functions, leading to lower values for the Landau pole for a given value of g1
and g2. We conclude that in models of fundamental scalars with ξ > 1, the isospin–two
multiplet must be fairly light.
5. Radiative Corrections
We have seen that a wide Higgs boson implies the existence of new physics at a
relatively low scale. The expectation is that the new physics makes a contribution to
electroweak radiative parameters, which we parameterize in terms of S, T , and U [14]
Consider first the example of the 3 × 3 matrix χ3 [7]. In this model, S is calculable.
The loops of isospin–two particles give a new contribution.
S = − 5
36pi
[
5
2
− log
(
m2H
m22
)]
+
1
12pi
log
(
m2H
1 TeV2
)
(5.1)
This is a small negative number whenever mH < m2 < 1 TeV.
It is easy to see, however, that the corrections to T and U are not calculable in
this model5. Electroweak gauge invariance permits the addition of custodial symmetry
violating terms to the Lagrangian
Lnew =a1tr [(Dµχ3)t(Dµχ3)T 23 ] + a2v23tr (χt3χ3T 23 ) + a3tr (χt3χ3χt3χ3T 23 )
+ a4tr (χ
t
3χ3T3χ
t
3χ3T3) + a5|tr (χt3χ3(T1 + iT2)2)|2 .
(5.2)
In fact, the addition of these terms to the Lagrangian is actually required. The gauging of
only one of the three generators of the SU(2)R breaks the custodial symmetry, and these
terms are required as counterterms for diagrams involving the hypercharge gauge boson.
The a2, a3, a4, and a5 terms cause the vev of the (3,3) entry of χ3 to be different from the
(1,1) and (2,2) entries, splitting the tree–level mass of the W and Z. The a1 term directly
shifts the mass of the gauge bosons. The situation is precisely analogous to the splitting
between the pi± and pi0 masses generated by photon loops. While these coefficients are not
5 Corrections to T in this model are discussed in detail in [15]. Our point of view is somewhat
different. In [15], it was assumed that the Higgs and isospin–two particles are fundamental, and
the one–loop computations determined the degree of fine–tuning needed to make T small enough.
We regard the particles as composite, and instead seek to limit the scale of their compositeness.
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formally computable, one may estimate them by dimensional analysis. One expects that
the renormalized value of a2 is of order
a2 ∼ g
′2
16pi2
Λ2
v23
(5.3)
where Λ is the cutoff of the theory. The a1, a3, and a4 terms depend only logarithmically
on Λ. The a2 term leads to
T =
2a2v
2
3
αm22
∼ 1
2pi cos2 θW
Λ2
m22
. (5.4)
Since one expects new physics at the scale of the cutoff, if such a model is to be phe-
nomenologically acceptable, the mass scale of the new physics is only about a factor of two
heavier than the mass of the isospin–two resonances.
Another possibility is that the isospin–two scalars do not exist as approximately fun-
damental particles, and in that case one must continue to use the chiral Lagrangian (2.1)
up to Λχ, where some unspecified new physics appears. Here, again, loops containing
the B gauge boson require the addition of counterterms that do not respect the custodial
symmetry. Once again, T and U are not calculable, but there is a significant difference.
There is no custodial–symmetry–violating dimension–two term in the low energy theory,
and thus the corrections to T are not enhanced by a factor of Λ2/v23 . Unlike the scalar
case, S is not calculable either, due to the presence of counterterms like [16]
LS = tr
(
([Dµ, Dν ]Σ)†[Dµ, Dν ]Σ
)
(5.5)
As in any strongly interacting theory, one needs information about the physics at high
energies to say more about the radiative parameters.
6. Conclusions
We have seen that it is possible to construct models in which the Higgs boson has any
desired width, either larger or smaller than in the standard model. The less the Higgs boson
looks like its standard model counterpart, the lower the mass scale at which new physics
must enter. If the theory is tree–level unitary at high energies and the Higgs boson width
is greater than in the standard model, there must be isospin–two resonances. Furthermore,
if these isospin–two particles are to be considered approximately fundamental they must
11
be light. One needs information about the physics at high energies to be definite about
the sizes of electroweak radiative corrections, but they are expected to be significant.
Work on the production and detection of such a non-standard Higgs boson is in
progress [17].
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Figure Captions
Fig. 1. The set of points in g1, g2 space with t = 1.
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